Abstract: Corticosteroid-binding globulin (CBG) is a plasma transport protein that has glucocorticoid-binding activity. In the present study, we identified CBG gene expression in several tissues of four pig breeds: Berkshire, Duroc, Landrace, and Yorkshire. Expression of CBG mRNA was detected in the liver of all four breeds, and was the highest in Berkshire pigs. We also found single nucleotide polymorphisms (SNPs) in the CBG gene from Berkshire pigs, including SNP c.919G>A, which corresponds to 307G>R. We analyzed the relationships between this CBG variant and various meat-quality traits. The SNP was significantly associated with backfat thickness, post-mortem pH 24h , meat color [CIE a* (redness), CIE b* (yellowness)], water-holding capacity, fat content, moisture content, protein content, cooking loss, and shear force. However, the effects differed by gender: the values were significantly associated with almost all traits in gilts, whereas only cooking loss and shear force were shown significantly in barrows. The variant G allele was associated with decreases in backfat thickness, post-mortem pH 24h , CIE a*, fat content, and cooking loss, but with increases in CIE b*, water-holding capacity, moisture content, protein content, and shear force. Because the general correlation between meat-quality traits were not validated in the present study, we suggest that certain SNP might be used in the restrictive application to distinguish meatquality traits.
Introduction
Corticosteroid-binding globulin (CBG) is a circulating glycoprotein that binds most glucocorticoids with high affinity. It is related to α 1 -antichymotrypsin (α1AC), α 1 -antitrypsin (A1AT), and thyroxine-binding globulin (TBG) (Gardill et al. 2012; Lin et al. 2010) , and its gene, CBG, is also known as serine proteinase inhibitor clade A member 6 gene (SERPINA6). Unlike α1AC, A1AT, and TBG, CBG does not have proteinase inhibitory activity (Gardill et al. 2012) . CBG is primarily synthesized in the liver and secreted into the blood (Malisch et al. 2010; Torpy and Ho 2007) . It is also produced in the lung, kidney, testis, placenta, endometrium, pituitary, and hypothalamus. However, the biological significance of this protein is not fully understood (Gagliardi et al. 2010; Henley and Lightman 2011) . The concentration of CBG in the plasma decreases rapidly in sepsis, severe burns, and myocardial infarction, so that free glucocorticoids increase against such stresses (Gardill et al. 2012) .
Recent studies have suggested that CBG acts in ways beyond a transport/carrier protein (Henley and Lightman 2011) . For example, it apparently plays a role as a protein thermocouple, sensing changes in temperature. In a study that examined the responses of pigs to heat and the stress of establishing a social hierarchy, concentrations of cortisol and CBG in plasma decreased in response to heat, whereas hepatic CBG mRNA expression was unaffected (Heo et al. 2005) . CBG levels in pigs appear to be associated with the fat/lean meat ratio, whereas cortisol concentrations are associated with obesity (Ousova et al. 2004) . Although obesity has disadvantages for human health, it is important for meat quality in pigs. A lower concentration of CBG might cause obesity by increasing free cortisol, because increased cortisol promotes obesity (Fernandez-Real et al. 2002; Gagliardi et al. 2010 ). In addition, in vitro cultures of preadipocytes from subcutaneous adipose tissue of CBG-null mice show increased proliferation and differentiation than those from wild-type mice (Joyner et al. 2003) . It is possible that the obesity phenotype of CBGnull mice is due to increased adipose tissue deposition, with increased proliferation and enhanced differentiation of preadipocytes (Gagliardi et al. 2010) .
Investigations of CBG variants in humans have been reported in terms of reductions in or complete loss of cortisol-binding affinity caused by polymorphisms (Henley and Lightman 2011; Perogamvros et al. 2010) . The variant p.Gly307Arg (c.919G>A) increases CBG capacity and decreases CBG affinity in pigs (Guyonnet-Duperat et al. 2006) . The CBG Ile265Val (c.882A>G) SNP may also decrease CBG affinity for cortisol by 25%, whereas Ser15Ile (c.133G>T) and Thr257Met (c.859C>T) variants have no apparent effect on CBG parameters (GuyonnetDuperat et al. 2006) . Moreover, the Gly307Arg variant of the CBG gene is associated with drip loss in European domestic pig breeds (Esteve et al. 2011 ).
In the present study, we examined the expression pattern of CBG mRNA in various tissues from different pig breeds. In addition, we identified variants of the CBG gene and analyzed the correlation of the c.919G>A variant with meat-quality traits.
Materials and Methods
Total RNA isolation and cDNA synthesis Animals used in the present study were cared for under guidelines comparable with those laid down by the Canadian Council on Animal Care (http://www.ccac.ca). Pigs were reared under the same environmental conditions, and were randomly selected and slaughtered when their body weight reached 110 kg. Three pigs each (all females) of Berkshire, Duroc, Landrace, and Yorkshire breeds were used for the isolation of total RNA from various tissues, including the liver, stomach, lung, kidney, large intestine, small intestine, and spleen. Total RNA was isolated using the TRI-reagent (Molecular Research Center, Cincinnati, OH, USA) according to the manufacturer's instructions, and mRNA was purified with an RNA-Seq sample preparation kit (Illumina, Inc., San Diego, CA, USA; Jung et al. 2012) . cDNA was synthesized from mRNA as a template for RT-qPCR.
RT-qPCR amplification
RT-qPCR was performed using SYBR Green and a Rotor Gene Q thermocycler (Qiagen). The specificity of RT-qPCR was confirmed by a melting curve analysis with a rapid temperature increase from 70 to 95°C for 5 s. A single and sharp amplification plot for the CBG product was obtained (data not shown). A no-template control (NTC) was used to prevent the generation of non-specific products, such as primer dimers. Data were obtained from the results of three independent experiments. The target gene was normalized by a normalization factor (NF), derived from geometric mean Δ-Cq (quantification cycles) of the PPIA, TBP, and HSPCB genes in Berkshire pigs; PPIA, TBP, RPL4, and RPS18 in Landrace pigs; PPIA and TBP in Duroc pigs; and PPIA, TOP2B, RPL4, and RPS18 in Yorkshire pigs. All of the experiments were performed according to the Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines (Bustin et al. 2009 ).
Nucleotide sequencing for SNP detection and genotype analyses SNP detection was performed with an Illumina GAII analyzer from cDNA, which was synthesized from the liver of Berkshire pigs (n = 3) as described above. To examine the genotypes of the CBG SNP, we used 402 pigs from the Baekdusan pedigree line (males = 195, females = 207; slaughter of 10 batches), which was selected by Dasan Genetics as a new pedigree line originating from the American Berkshire and registered with the Korea Animal Improvement Association (KAIA) in 2008. The longissimus dorsi muscles were collected from the slaughtered pork. Then genomic DNA was isolated using a kit (Wizard Genomic DNA Purification kit, USA). To analyze the relationship between SNP and meat-quality traits, genomic DNAs from the 402 longissimus dorsi muscles were used with a Veracode GoldenGate assay kit (Illumina, Inc., San Diego, CA, USA). The oligonucleotides used are listed in Table 1 .
Analyses of meat-quality traits
All tests were conducted on longissimus dorsi muscles. Backfat thickness was measured at the 10th rib region, at a distance of three-quarters along the muscle towards the belly. The portion from ribs 6 to 13 was excised and kept at 2-4°C until further analysis. Moisture, crude protein, crude fat, and ash levels were analyzed according to the methods of the Association of Official Agricultural Chemists (AOAC 2000) in muscle samples taken 24 h after slaughter.
Color parameters [CIE L* (lightness), a* (redness)], b* (yellowness)] were measured using a colorimeter (Minolta, CR-400, Tokyo, Japan) after blooming for 15 min, with a light source that was standardized to a white calibration plate. The chroma (C*) and hue angle were calculated as (a* 2 + b* 2 ) 1/2 and tan −1 (b*/a*), respectively (Fernandez-Lopez et al. 2000) . Five readings were made on each sample in different positions and directions to avoid any effects of the orientation of the muscle fibers. The centrifugation method described by Laakkonen et al. (1970) was used to measure the water-holding capacity. The muscle samples (0.5 ± 0.05 g) from each pig were placed in a centrifuge tube with filter units, heated for 20 min at 80°C, and then cooled for 10 min. The samples were centrifuged (2000 × g, 10 min, 4°C), and then the water-holding capacity was calculated as the change in sample weight.
For drip loss, a slice of muscle 2 cm thick (weight 100 ± 5 g) was placed in a polypropylene bag (Dongbang Co., Korea), packaged by vacuum, and then stored for 24 h at 4°C. Drip loss was calculated by measuring differences in the weights of samples. For cooking loss, a slice 3 cm thick (weight 100 ± 5 g) was placed in a polypropylene bag (Dongbang Co.), cooked for 40 min at 70°C in a water bath, and then cooled to room temperature. Cooking loss was calculated by measuring differences in the weights of samples.
For analysis of collagen content, part of the longissimus dorsi muscle (4 g) was added to 30 mL sulfuric acid solution in a conical flask. After heating in a dry oven at 105°C for 16 h and homogenization, the fluid was filtered with a Whatman No. 2 filter. Filtrate (5 mL) was diluted to 100 mL. An aliquot (2 mL) was added to 1 mL oxidant solution in a test tube. Samples were placed at room temperature for 20 min after shaking. After 1 mL color reagent was added, the solutions were heated in a water bath at 60°C for 15 min, after which they were cooled in flowing water for more than 15 min. The absorbance was measured with a spectrophotometer (Optizen-3220UV, Mecasys, Korea) at 558 nm. Collagen content (g/100 g) was calculated with a regression equation, for which a standard curve was obtained from measurements using color reagent and working standard solutions (0.6, 1.2, 1.8, and 2.4 μg hydroxyproline mL −1 ).
Statistical analysis
The general linear model procedure was used to analyze the significant differences between genotypes of the SNP and meat-quality traits using the SAS software version 9.1.3 [Statistical Analysis System (SAS) 2004]. The linear model was y ijklm = μ + G i + S j + P l + e ijklm , where y ijklm is the phenotypic value of the target trait, μ is the general mean, G i is the fixed effect of genotype i, S j is the fixed effect of gender j, P l is a fixed effect of the slaughter period l, and e ijklm is the random error. When significant differences were detected, the mean values were separated by the probability difference option. The results are presented as least-squares means with standard errors.
Results
Analysis of CBG mRNA expression patterns from various tissues and the detection of a non-synonymous SNP of CBG First, we performed RT-qPCR to show the expression pattern of CBG mRNA from various tissues of four Its expression was low in other tissues, including the stomach, lung, kidney, large intestine, small intestine, and spleen (Fig. 1) . The gene was expressed at a relatively high level in the livers of Berkshire and Duroc but not in those of Landrace and Yorkshire. The level in Berkshire pigs was 3.8-fold higher than that in Duroc pigs. We also found SNPs in the CBG gene of all four pig breeds studied (Berkshire, Duroc, Landrace, and Yorkshire; data not shown). In fact, five CBG variants were found from the Berkshire and Duroc pigs. Among them, one was found in the 3′-UTR (Berkshire and Duroc) and the others were found in exons, which were divided into three synonymous SNPs (c.531G>A; 177T>T, c.615G>A; 205T>T, and c.1044G>A; 348A>A) from Berkshire and Duroc, one from Duroc (c.531G>A, 177T>T) and the others from Berkshire and Duroc (c.615G>A, 205T>T, and c.1044G>A, 348A>A), and one nsSNP from Duroc and Berkshire. The nsSNP was characterized as c.919G>A, 307G>R. In the present study, we focused on the effect of nsSNP c.919G>A, 307G>R in CBG gene on meatquality traits.
Analysis of association between nsSNP and meat-quality traits
Next, we analyzed the association between the CBG SNP and meat-quality traits. The major and minor alleles analyzed were A (0.748) and G (0.252) ( Table 1 ). The CBG SNP was significantly associated with backfat thickness, post-mortem pH 24h , CIE a*, CIE b*, water-holding capacity, fat content, moisture content, protein content, cooking loss, and shear force. Because CBG plays a role as a carrier protein, to sequester cortisol, the CBG nsSNP was considered to have a significant effect on backfat thickness and fat content. The G allele tended to be related with decreased backfat thickness, post-mortem pH 24h , CIE a*, fat content, and cooking loss, and increased CIE b*, water-holding capacity, moisture content, protein content, and shear force ( Table 2 ). The A allele appears to be recessive, as the heterozygotes are not significantly different from the AA homozygotes.
Analysis of the association between gender and meat-quality traits
We analyzed the association between gender and meat-quality traits. Of the 402 Berkshire pigs included in the study 195 were barrows and 207 were gilts. Backfat thickness, CIE L*, water-holding capacity, collagen content, fat content, moisture content, protein content, drip loss, and shear force differed significantly by gender, where barrows had higher values for backfat thickness, CIE L*, fat content, and drip loss but lower values for collagen content, moisture content, protein content, and shear force (Supplementary Table S1 , see Supplementary Material below).
Next, we analyzed the association between SNP and meat quality according to gender. In gilts, the SNP was significantly associated with backfat thickness, postmortem pH 24h , CIE a*, CIE b*, water-holding capacity, fat content, moisture content, protein content, drip loss, and cooking loss (Table 3) . However, in barrows, it was only significantly associated with cooking loss and shear force (Table 4 ). The CBG SNP seems to have larger effect on meat quality in gilts with various traits than that in barrows. In addition, cooking loss is significantly associated with genotype in CBG gene in both genders. The GG genotype in CBG gene from both gilts and barrows had significantly lower value in cooking loss compared with that in other genotype.
Discussion
The pig CBG gene is composed of 1221 nucleotides and 406 amino acids, with coding sequence in four exons. CBG mRNA is significantly expressed in the liver (Torpy and Ho 2007) , but has low expression in other tissues (Gagliardi et al. 2010; Henley and Lightman 2011) . We confirmed its expression in the livers of pigs by RTqPCR (Fig. 1) . Of the pig breeds assessed in this study, Berkshire pigs showed the highest expression levels. Because CBG is associated with the regulation of cortisol levels and amounts of fat and muscle (Ousova et al. 2004) , the upregulation of CBG expression in liver may be associated with specific growth or physiological properties. Various functions of CBG SNPs have been discovered. For example, the c.919G>A, p.Gly307Arg variant is significantly associated with drip loss in European domestic pig breeds and Meishan × Large White crossbreeds (Esteve et al. 2011; Guyonnet-Duperat et al. 2006) . Some CBG variants are associated with obesity and stress responses (Fernandez-Real et al. 2002; Gagliardi et al. 2010) . In the present study, the c.919G>A, 307G>R CBG variant was significantly associated with backfat thickness, postmortem pH 24h , CIE a*, CIE b*, water-holding capacity, fat content, moisture content, protein content, cooking loss, and shear force (Table 2) . Its association with drip loss has been also reported previously (Esteve et al. 2011 ; Lee et al. (2012) , who reported that backfat thickness and fat content are associated with lean-meat content. Furthermore, in the present study, the variant G allele was associated with decreases in backfat thickness, post-mortem pH 24h , CIE a*, fat content, and cooking loss, but with increases in CIE b*, water-holding capacity, moisture content, protein content, and shear force. Generally, we would expect that higher pH would be related to better shear force and water-holding capacity. However, it seemed to be not the case in this study. As shown in Table 2 , the GG genotype in CBG gene had the lowest pH and the lowest cooking loss and a higher shear force. To estimate meat quality according to the genotype in CBG gene would be more complicated in this regard. Although the significantly associated meatquality traits were shown different between gilts and barrows, GG genotype had the lowest value in cooking loss in both gilts and barrows.
In conclusion, upregulation of the CBG gene was specifically observed in the liver tissues of all four pig breeds tested. It was expressed at the highest levels in Berkshire pigs. The nsSNP c.919G>A, 307G>R was associated with various meat-quality traits, including backfat thickness, post-mortem pH 24h , CIE a*, CIE b*, waterholding capacity, fat content, moisture content, protein content, cooking loss, and shear force. Although the general relation between meat-quality traits was not validated in this study, we suggested restrictive application of nsSNP c.919G>A to predict meat quality. Table 3 . Association between meat-quality traits in gilt and CBG nsSNP c.919G>A.
Genotype AA (n = 122) AG (n = 49) GG (n = 36)
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